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THE IODINE COULOMSTER AND THE VALUE OF THE FAHADAY.
Introduotion t
Although Faraday.* 8 law of eleotroohemioal change has "been univer-
sally aoaepted for many years, there still exists considerable uncertainty
regarding the exact value of the faraday , or the eleotroohemioal equivalent
.
Although theoretically any chemical reaction which can be brought about by
means of the electric current, may be employed for the determination of the
value of the faraday, ae a matter of fact very few reactions have been studied
in this connection and the value at present accepted for this constant is
practically based upon measurements with a single electrochemical reaction,
the deposition of silver from an aqueous solution of one of its salts. It
must be admitted that for such an important and universal physical constant
as the faraday, this is a most unsatisfactory state of affairs, and when wo
add to this the fact that the particular reaction which has been chosen for
the purpose is known to be affected by numerous sources of error and uncer-
tainty which have not been entirely rtjmoved by years of laborious investiga-
tion participated in by many chemists and physicists, it must be apparent to
7I
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all that serious consideration should be directed to the problem of discover-
ing some other electrochemical reaction which will fulfill the exacting re-
quirements necessary for a successful determination of the faraday, more per-
fectly than does the reaction which occurs in the silver coulometer.
Recent work on the silver couloneter, in particular that done at the
in
Bureau of Standards, Washington, has called in question some of the conclu-
sions -oreviously acce-oted. Hence, altho'ogh this subject was exhaustively re-
viewed by Foerster in 1910, it will be found advantageous to discuss some of
the sources of error and uncertainty in the silver ooulometer and to review
some of th5 results obtained by the use of other couloraeters which have been
hitherto employed or suggested as applicable to this problem, in order to
present more clearly the purpose and results of the present investigation*
The Silver Coulometer .
The large amount of study which this co\ilometer has received from
80 many investigators has naturally arisen from the fact that the interna-
tional ampere is defined in terms of the maes of silver deposited per second
under more or less definite physical and chemical conditions. The silver
coulometer is apparently the only one receiving serious consideration at the
present time, being in fact the subject of extended im'estigations through
the cooperation of the leading national physical laboratories of the world.
The uncertainty in the value of the faraday as determined by means of
this coulometer arises from the fact that it is not yet possible to determine
accurately the weight of silver which reacts according to the equation,
Ag+ + (-) = Ag
10 Zeit. physik. Chem., 76, 643 (1910).
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when a known quantity of electrioity passes throiAgh the coulometer. Many in-
vestigations have not satisfaotorily explained the effect of slight variations
in the physical or ohemioal conditions upon tne mass of silver deposited at
the cathode. Neither have they shown the proper conditions to employ in order
to determine the true electrochenical equivalent of silver. If the above were
the only reaction taking place during the passage of the current, the loss in
weight at the anode should be equal to the gain in weight at the cathode.
However, the results obtained in this manner from the anode and from the ca-
i)
thode respectively do not agree , and a study of the reactions taking place
at the anode does not promise consistent results.
As a partial explanation it has been suggested that under certain condi-
tions complex ions such as Aga"*" are formed at the anode. Some of these com^
plex ions may be deposited on the cathode and consequently the gain in weight
is greater than that corresponding to the simple reaction given above. Another
complicating factor is due to the inclusion of solution by the silver deposit-
ed on the cathode. This is known to be quite appreciable, yet its amount ap-
a)
pears to vary considerably according to conditions. Richards proposed to
eliminate, or at least to diminish the effects due to the first of these dis-
turbing influences, by placing the anode in a porous cup. By keeping the lev-
el of the liquid inside the cup lower than that outside, the slow current of
solution which is moving into the cup allows few if any of the complex ions
to enter the outer vessel and give up their charges at the cathode. The amount
of silver deposited in the porous cup coulometer has been found to be less than
that deposited in the filter paper type. This difference has been variously
estimated by different observers. The following table shows these differences
1^ Richards and Heimrod. Proc. Am. Acad., 37, 434 (1902).
2) Richards, Collins and Heimrod. Proc. Am. Acad., 35, 123 (1899),

in per cent, ¥ith the exception of the data obtained by Jaeger and
i) 3)
von Steinwehr the table Is taken from the review by Foerster .
Table I
Richards and Heinrod 1st series 0.081
2nd series 0,033
3rd series 0.058
Guthe 0,048
Watson 0,026
Van Dijk let series 0,028
2nd series 0.020
Smith, Mather and Lowry 0.001
Jaeger and von Steinwehr + 0,000
3)
Smith, Mather and Lowry ejnployed an unusually leo-ge bulk of solution
in their couloneters andt as they pointed out* this had a tendency to keep dovn
to
the concentration of the complex silver ion and hence retard its deposition.
Another cause for this small difference between the mass of silver deposited
in the filter paper coulometer and that deposited in the porous cup type is
doubtless found in the fact that they paid more attention to the purity of the
silver nitrate employed than did most of the other investigators. Using silver
nitrate solutions which vers not of known purity they found that the porous
cup coulometer gave a deposit 0,03 per cent, lighter than did the filter paper
4)
coulometer , which agrees with the observations of the other observers as
shown by the above table. Their results would tend to indicate that the chief
1^ Zeit. Instruementenk. 2B, 366 (1908).
2) loc. cit. p. 660.
3) Phil. Trans., 207 , A, 545 (1908).
4) loc. cit. 582.
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difference between the two types of ooulometers ie not due to the formation
of Aga* ions at the anode.
1
)
It has been fovmd by Eisenreioh that solutions of silver fluoride and
of silver nitrate which give excessive deposits of silver, also reduce potas-
siiufl permanganate solution. This was interpreted as proving the presence of
the complex ion. It was also found that at a higher temperature the reducing
power of the solution was greater, which was explained as due to the shifting
of the equilibrium,
Ag"*" »• Ag = Aga*
from left to right with rising temperature. This would account for the in-
creased deposit of silver in certain types of ooulometer at higher tempera-
tures .
The latest work at the Bureau of Standards at Washington, however, is
2)
held to contradict the complex ion theory . •Ko evidence was found of reduc-
ing substances at the anode, such as sub-silver nitrate.* The results obtain-
ed by the other investigators is explained by the fact that filter paper con-
tains oxycellulose. This dissolves giving a reducing solution, which results
in the formation of colloidal silver. Instead of diminishing the disturbing
influences as would be the case on the complex ion theory, it is found that
the use of two or three thicknesses of filter paper increaees the weight of
3)
the silver deposit •
The determination of the purity of the silver deposit is evidently of
great importance in the calculation of the faraday. If some of the silver ni-
trate solution were occluded a loss in weight should result in strongly heat-
1) Zeit. physik. Chem., 76, 697 (1910).
2) MoDaniel, Science, N. S., 34, 160 (1911),
3) Vinal, Scierrce, N. S., 34, 31, (1911),

ing the deposit of silver. Various estimations which have been made of this
i)
loss show poor agreement, Rayleigh and Sidgwick found that with well wash-
ed deposits there was a loss in weight of 0.01 - 0.02 per cent, on heating
a)
to the verge of redness, Richards and Heirarod dried the deposits to oon-
o
stant weight at 160 C and then heated them over an alcohol flame. The loss
in weight varied ffom 0,003 to 0.030 per cent,, the mean value was 0,018 per
3 )
cent. Van Dijk found that after washing and drying at 150 C there was no
o 4
further loss in weight on reheating to 500 - 600 C. Smith, Mather and Lowry
o
heated their silver deposits to consteint weight in an electric oven at 160 0.
o
Eight deposits were then heated to 840 C and three to 400 0, but in no case
6)
was there a loss in weight. It is quite possible, however, as Richards ha^
pointed out that the temperatures used in the last two investigations were
not sufficient to soften the silver and allow the water vapor to escape.
In order to investigate both the quantity and the quality of the material
e)
occluded in the silver deposit, Duschak and Hulett have examined the deposit
and determined the dependence of the amount of impurity upon dissolved gases.
They found that with proper care the porous cup coulometer was reproducible
to one part in 100,000 but that the deposit obtained in the usual way was
0,007-0.008 per cent, heavier than that obtained from an oxygen free solution
in vacuo or in an atmosphere of nitrogen. This result does not agree with the
7) a)
investigations of Schuster and Cross ley and of Meyers both of whom state
1) Phil. Trans. 175 , 411 (1884).
2) Proc. Am. Acad. 37^, 435 (1902)
3) Arch, neerl. 10, 287 (1905),
4) loc. cit., !>. .'570,
J>) Proc. Am. Acad. 44, 91, (1909),
6) Proc. Am. Eleotroohem. Soc. 12, 257 (1907),
7) Proc. Roy. Soc. 50, 344 (18927.
8) Tied. Ann. 55, 288 (1895).
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thftt a deT>oeit obtained in vaouo la the heavier. Recent Ij' Jaeger and
i)
von Steinirehr at the Physikalisoh-Teohnisohen Reiohsanstalt, found that the
deposits in air and nitrogen did not differ by more than 2 parts in 100,000,
2
)
that obtained in nitrogen being if anything the heavier .
Duschak and Hulett confirmed the difference as fovmd by them by an exam-
ination of the silver deposits. In all cases it was found that the silver
deposit after being dried to constant weight at 160 - 5 , still contained wa-
ter and silver nitrate. By heating the deposits in vacuo they found that a
gas was given off up to 660 0. The quant itj*^ of each iiapurity was ingenious-
3)
ly determined and the following table shows the resiilts •
Table II
Deposits in air. Deposits in vacuo,
later 0,0094 per cent. 0,0054 per cent.
Silver nitrate 0.0041 ^ " 0,0030 "
Total 0,0135 " 0.0084 » »
The observed difference in weight of the deposit obtained in air and in
vaouo was 0,007 - 0,008 per cent., while the analysis shows a difference of
0,0051 per cent. Hence there is some factor as yet unaccounted for which
causes the deposit in air to be at least 0,002 per cent, heavier than in vacuo
that may be the total effect of this unknown factor on the weight of the de-
posit there is at present no accurate means of determining.
While the possible influences of the complex silver ion and of included
liquid upon the weight of the deposit have received the major portion of the
attention of investigators, recent work at the Bureau of Standards has shown
1) Loc. cit. 353,
2) It was also found in two experiments that the deposit obtained in hydrogen
was 0,14 and 0,25 per cent, heavier than that obtained in air,
3) Loo. cit. p. 291

that these are by no means the only complicating factors. The unsatisfactory
condition of our TDrssent knowledge of the silver couloraeter is well summed
i)
up by the following quotation from an article by Rosa • "Further study at
the Bureau of Standards show complexities due to the presence of filter paper
which astonished chemists, and three years of continuous work have not answer-
ed all the questions which have arisen as to the effect of traces of impurity
or traces of acid or alkali in the salt, or slight variation in the physical
condition of the anode, or the volume and concentration of the electrolyte,
or the density of the current, or the influence of dissolved gases.
In Table III are given values of the electrochemical equivalent of silver
in nilllgrams per coulomb as found in some of the mora careful absolute deter-
minations.
Table III
a)
Milligrams per coulomb.
Rayleigh and Sidgwick
3)
P. and ¥. Kohlrausch
4)
Pellat and Potior
5)
Kahle
c)
Fttllat and Leduc
t)
Van Dijk and Kimet
a)
Guthe
t
Smith, Mather and Lowry
1884 1.1179
1884 1.1183
1890 1.1192
1898 1.1183
1903 1.1195
1904 1.11823
1906 1,11773
1908 1.11827
1) Science, N. S. 35, 11 (1912)
2) Phil. Trans. 175, 411 (1884).
3) Wied. Ann. 27, 1 (1886).
4) J. Physique, 9, 381 (1890)
5) Zeit, Instruementenk. 18, 229 (1898).
6) Comp. rend. 136, 1649 (1903).
7) Ann. Physik. (4), 14, 569 (1904).
8) Bull, Bureau of Standards, 2, 70 (1906).
9) Phil, Trans. 207, 579 (1908),
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The investigation of Smith, Mather and Lowry was the most extensive and
most oonplete of any of these} they estimated their result, 1.1182% to have a
probable error of 2,4 parts in 100,000, However as has "been noticed above
they did not sufficiently investigate the question of included liquid. While
their experiments showed that the filter paper cotilometer and the porous cup
type were each reproducible to one or two parts in 100,000 and under certain
conditions agreed with one another as closely, the faraday as calcxilated from
i
their value for the electrochemical equivalent of silver may be as much as
0,02 per cent, too low. This will be seen from the following considerations.
These investigators found a variation of over 0,01 per cent . caused by
different methods of treating the porous cups which were used in the porous
cup type of coulometer. All the cups were clesmed with KCN amd HNO3 and then
thoroughly washed. Some were soaked for several days in water. The average
of 13 determinations of the electrochemical equivalent of silver with these
cups was 1,11814 mg. per coulomb. It was fotind that heating the cups in an
electric furnsuje gave more consistent results. The average of nine determina-
tions gave the value 1.11828 which is practically identical with that (1,11827)
obtained by the use of the large filter paper type.
The fact that in the hands of different investigators the difference
between the weight of silver deposited in the filter paper type and that de-
i)
posited by the same current in the porous cup coulometer varies so greatly
,
and the results on the weight of the deposit of a slight variation in the
method of treating the porous cup show the risk of comparing the results of
one investigator with those of another. The deposits of silver obtained by
Smith, Mather and Lowry undoubtedly contained some included liquid, fhile
1) See Table I
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the amount of this liquid oannot be at all satisfactorily calculated, some
idea of its amount may be estimated. Richards who does not describe in detail
j
the treatment which hia porous cups received, foxind a mean of 0,018 per cent,
included liquid. Dsischak and Hulett who kept their porous cups in water when
!
not in use foimd an inclusion of 0,0135 per cent. The value of the electro-
chemical equivalent of silver which Smith, Mather and Lowry obtained with
cups similarly treated i's 1.11814. Hence it is possible that the true value
i
may be lower than 1,11800,
|
The higher value (1,11827) has however been rendered more probable by
i)
some preliminary work at the Physikalisch-Teohnisohen Reichsanstalt , and by
a)
I
a recent impost igation of F. Kohlrausoh who concludes that the value 1,1183
1
obtained in 1884 (see Table III) was not moa*a than 0,002 per cent, too great.
The value generally accepted for the faraday is that calculated from the work
of Smith, Mather and Lowry, that is,
107 88
F = 1,11827 ^ 96,473 coulombs.
The situation with regard to the silver coulometer may be summed up aa
follows: A given investigator working with given materials and under given
conditions can obtain results with the silver coulometer which are reproduoa-
ble to a few thousandths of one per cent. It is doubtful, however, if another
investigator could duplicate the results with this degree of precision and it
is also doubtful if the same investigator starting with another lot of mater-
ials could duplicate his previous conditions with sufficient accuracy to ob-
tain the same result. Moreover, slight variations in materials and conditions
produce very pronounced differences in tlia results and it is absolxxtely impos-
sible (and always will be) to determine with certainty by a study of the sil-
1) Jaeger and von Steinwehr. Zeit. Instruementenk, 28, 353 (1908),
2) Ann. Physik. (4) 26, 580 (1908).
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ver soulonster alone what set of conditions nuet "be cos^lied vith. in order to
obtain the correct value of the faraday. ¥e are not at present, justified,
in believing that we know the faraday to siuch better than 0.1 per cent.
The Copper Couloneter ,
The copper couloiaeter has been the subject of a number of invest i-
i
)
gations. The work of Richards, Collins and Heimrod may be considered as
superseding that of earlier investigators. They found that two most important
factors influenced the result in opposite directions, (1) "Metallic copper
slowly dissolves in an acid solution of cupric sulphate. - - - The losses
of weight of the plates was found to be roughly proportional to the respective
areas of the plates, if the volume of solution were large**. (2) Plates of
copper immersed in neutral solutions of cupric sulphate always gain in weight,
becoming coated with a film of cuprous oxide".
The latter difficulty was eliminated by using a slightly acid solution,
while the influence of the former wav«3 reduced by employing a low temperature
and working in an atmooijhere of hydrogen. Assuming then that the rate of sol-
ution of the metallic copper varies directly as the area of the plate, it was
possible by using plates of different areas as cathodes in two couloraeters in
series, to extrapolate to the increase in weight of a plate of zero area, i.e.
to calculate vrhat would have been the gain in weight of the cathode if none
of it had dissolved.
No investigation appears to have been made to determine the presence or
absence of moisture in the copper deposited. However, since a copper deposit
is much smoother than a silver deposit, it is probable that it contains less
1) Proc. Am. Acad. 35, 123 (1899),
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inoisturo,
Assiirainff that the increase in veight of the cathode as calculated in the
manner indicated above is due entirely to the discharge of ouprio ions, the
elect rooheraioal equivalent of ouprio copper was foimd to be 0*32929 nilli-
i)
grams per coulomb . This value agrees (within 0.005 per cent.) with that
calculated from atomic weights of the metals and the electrochemical equiva-
lent of silver (1.1175 mg, per coulomb) as calculated by these investigators
from their comparison of the filter paper and porous cup ooulometers,
assuming 0,018 per cent, of moisture to be enclosed in the silver deposit.
Prom the facts mentioned in the discussion of the silver coulometer, it
is seen that to obtain an accurate measure of the current by means of the fil-
ter paper coulometer seemingly minor details must be very carefully duplicated.
It is scarcely likely that the current as calculated by means of the silver
coulometers used in this investigation was known to within 0,03 per cent, of
a
)
its true value ; the uncertainty in the value of the faraday as calculated
from these data is then as much as 0.03 per cent. The value given on the
basis of the 1902 atomic weights ( Ou = 63.60, Ag = 107.93) was 96,580 coulombs.
Recalculated for 1912 atomic weights this value becomes 96,535 30 coulombs.
1) Richards and Heimrod. Proc. Am, Acad. 37^ 438 (1902).
2) The reproducibility of the filter paper coulometer in the hands of these in]
vestigators was 0.023 per cent. This value was calculated by Poerster (Loo
cit. p. 660) from the results of experiments 12-17. Proc. Am. Acad. 35. 135
(1899). —-*

The Iodine Couloineter.
~
i)
The iodine ooulometer haa "been atudied by a nianber of investigators;
but for the present purpose the results of Kreider and Cr^llo alone need "be
considered; the earlier investigators did not claim an accuracy greater than
0,5 per cent
.
Kreider surrounded the cathode with a solution of hydrochloric acid and
the platinum anode with a solution of potascium iodide. The iodine formed
at the anode was titrated by means of sodium thionulphate. The amount of
iodine liberated in two or three coulometers in series a^eed to within 0,01
to 0,02 per cent. In two experiments the iodine coulometer was con^jared with
a silver coulometer of the filter paper type. The author finds that the io-
dine liberated was from 0,06 to 0,09 per cent, more than that calculated from
the silver coulometer. The atomic weights which were employed in this calcu-
lation are not given, neither is there any data from ^rhioh they may be die-
covered. The atomic weif^hts for 1904 were Ag = 107.93, I — 126.85; for 1905
Ag = 107,93, I = 126,97, The paper is dated June 1900» hence it is quite pos-
sible that the atomic weights for 1904 were employed. If this were the case
the amount of iodine formed, calculated on the basis of the atomic weights for
1912, was from 0,04 to 0,01 per cent, too small. This result is in better
agreement with the observations of other investigators.
Gino Gallo made an attempt to determine the atomic weight of iodine by
means of a comparison of the silver and iodine coulometers, in the hope that
the results might throw some light upon the iodine-tellurium anomaly in the
periodic system.
1) Herroun, Phil. Mag, (5) 60, 91 (1895),
Danneel, Zeit. Electrochem. 4, 154 (1897),
Kreider, Am. J. Soi. (4) 20, 1 (1905).
Gino Gallo, Gazz. Chim. Ital. 36, II, 116 (1906).
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In the apparatus employed by this inre8tigatior» the platinun electrodes
(4 square jnillimeters ) were placed in separate linhe; the cathode at the
"bottom of one tuhe, the anode somewhat more than half way up the other. Be-
fore filling the apparatus with the potassium iodide solution, the cathode was
surroTinded with solid iodine. During the passage of the current considerable
hydrogen was evolved at the cathode but the hydroxyl ion formed was neutral-
ized by the iodine. In order to prevent diffusion of the iodine from cathode
to anode, the two limbs were connected by two small tubes (4 mm. diameter)
both of which dipped into a wide mouthed bottle. At the completion of a run
a stop-cock at the bottom of the anode limb was opened. This let the anode
solution into a flask to be titrated with sodium thiosulphite. A current
density of 0,1 ampere per sq. cm. was employed, the amount of iodine produced
being about 0,3 gram in each run.
Assuming that the theoretical quantity of each element was freed from
the ionic state by the passage of the current, he found the atomic weif.-:ht of
iodine to be 126. OS (Ag = 107.03) as the result of 24 determinations. The
maximum deviation was 0,075 per cent., the average deviation 0.021 per cent.
Calculated on the basis of the present value for silver (107.08), iodine be-
comes 126.03, a difference of 0,07 per cent, from the accepted value, 126.92.
On the other hanfl we may assume that the current frees the theoretical
amount of iodine in the iodine coulometer, and consider that the silver coulo-
meter measures the amount of electricity which has passed. Callo used porous
cup silver coulometers and employing Richards' and Heimrod's data, made a O.Oif
per cent, correction for included moisture. The efr^'ect of this correction
was to lessen the discrepancy between the silver and iodine coulometers, and
hence if we compare these results with those of Smith, iviather and Lowry who
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mado no oorreotion for moisture, we see that the values for the faraday aa
calculated from 6allo*o Investigation on the iodine cjoulometer, and from the
result of the work of Smith, I^lather and Lowry on the silver ooulometer differ
by 0,09 per cent. On this basis the iodine coulometer gives the value 96,560
coulombs. The uncertainty in this figure due to the difficulty in reproduc-
ing the exacting conditions in connection with the silver coulometer is at
least 0,02 per cent.
The Knall-gaa Coulometer .
" i)
Lehfeldt measured the combined volumes of hydrogen and oxygen
evolved when a known current was passed through an aqueous solution of an
electrolyte; from this data he osdculated the value of the fsuraday. The cur-
rent was determined by means of the Weston Standard Cell and standard resist-
ances; the author estimated that the quantity of electricity which passed
a)
through the ooulometer was known to 0,01 per cent.
In the coulometer, solutions of some twelve different electrolytes were
used. It was found that with a given current, solutions of sodium sulphate
and of potassium bichromate gave practically the same volume of gas, while
solutions of other electrolytes did not give as much. The mean of 16 deter-
minations with solutions of the two electrolytes mentioned above was 0,17394
oc, of gas evolved per coulomb. The average deviation was 0,027 per cent.,
the maximum was 0,068 per cent. The value of the faraday calculated on the
assumption that the theoretical quantity of gas is evolved from these solu-
tions is 96,590 coulombs. This value should be considered as an upper limit
to the faraday, because no attenpt was made to prove the above assumption,
1) Phil, liag, (6) 15, 814 (1908).
2) Loc. cit. 621.
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and if it is not true, the volume of gas evolved was too small.
In the following table are suinned up the most probable value.3 whish have
i)
been obtained for the faraday from a study of the various ooulometers whioh
have been investigated.
Table IV
Couloineter Faraday in Coulombs
Silver Smith, Mather and Lowry 1908 96,473
Silver Jaeger and von Steinwehr 1908 96,473
Copper Richards, Collins smd Heimrod 1902 96,535
Iodine Gino Gallo 1906 96,560
Knall-gas Lehfeldt 1908 96,590
The value obtained with the silver coulometer is the most precise but as will
appear later it may "be in error by as rauoh as 0,05 per cent.
1) Reoaloulated where necessary using 1912 atomic weights.
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Choioe of an Element to be Used in Determining the Faraday .
It is evident from an inspection of tables III and IV, and from the
above disoussion, that the uncertainty in the value of the faraday is consid-
erable. It would seem that this constant might be more exactly determined
by the careful investigation of a coulometer employing some element other
than silver, which is the only element whose electrochemical equivalent has
been the object of extensive investigations.
The element chosen for this purpose must fulfill certain requirements
and should, if possible, offer certain advantages,
1. The atomic weight of the element must be accurately known.
2. The product of the reaction must be capable of being accurately and
if possible rather easily and rapidly determined.
3. The reaction which takes place at the electrode must be clean cut
and entirely free from interfering side reactions.
The direction in which any electrochemical reaction proceeds depends upon
the direction of the current of electricity. Such a reaction will take place
in one direction at the cathode and in the opposite direction at the anode
when a current is passed through a cell constructed in the proper manner. An
element which would permit an accurate quantitative and independent estima-
tion of the course of the reaction to be made from a study of the changes at
the two electrodes would enable the presence or absence of side reactions to
be proved. A coulometer of such a type would contain a check within itself,
and might be used for calculating the true value of the faraday,
4. The complicating* influences in the silver coulometer cause the weight
of the deposit to be too great, hence the value of the faraday obtained by
this means may be taken as a lower limit. It would be advantageous to employ
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an element ^hicih, if admitting of any error, would give too high a value for
the faraday, so that definite limits might Vie obtained for this constant.
5, Since all deposits will be more or lees subject to the same disturbing
influences as have been observed in the silver coulometer, (more particularly
inclusion of solution and formation of complex ions) a non-metallic element
offers advantages over a metal especially if it be not deposited upon the
electrode, but simply formed in solution, thus entirely obviating errors due
to inclusion or adsorption.
6. An element with a high electrochemical equivalent is desirable, since
whether weighed directly or determined indirectly, the calculation of the
farcwlay is based ultimately upon the weight of the element itself.
Iodine very eatisfaotorili' satisfies the above conditions. The atomic
weight of this element is one of the most accurately known. By a careful de-
termination of the ratios silver to iodine pent oxide and silver to iodine,
i)
Baxter found the atomic weight of iodine to be 126,913. This element also
serves particularly well for calculating the total effect of the complicating
influence in the silver coulometer since the ratio silver to iodine has been
carefully studied.
The conditions for the titration of iodine with arsenious acid have been
2)
carefully studied by fashburn . Prom the equilibria involved it was calcu-
lated and experimentally verified that an accuracy of 0.002 per cent, is at-
tainable,
A solution of an iodide to which iodine has been added contains iodide
and triiodide ions. Ihen a current of electricity is passed throiogh such a
solution the reaction
1) J. Am. Chem. Soc, 32, 1591 (1910).
2) J, Am. Chem. Soc, 30, 31 (1908).
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Is' + 2( - ) = 3
1"
takes plaoe in the direction from loft to right at the cathode and in the re-
verse direction at the anode. A cell then in which the electrodes are sur-
rounded ty such a solution should contain the same total amount of iodine
"before and after the passage of an electric current. By separating the elec-
trodes and the solutions surrounding them "by a conducting solution of an io-
dide, the change found in the amount of iodine at the two electrodes should
be the same. At the electrode most easily studied (i.e. the anode) any error
which may arise will he such that too little iodine is formed, and hence an
upper limit will be found for the faraday.
The element iodine forms an anion and has one of the largest electro-
chemical equivalents. The advantages arising from these properties were men-
tioned above.
Since iodine then offers particular advcmtages for studying the value of
the faraday, an investigation of the iodine couloraeter was undertaken. The
changes in the amount of iodine at the cathode and at the anode were studied,
the reproducability of the results determined and a preliminary comparison
made between the iodine coulometer and the silver coulometer.
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Determination of the Iodine .
The iodine was determined by means of a standard solution of arsen-
ious aoid. The most favorable conditions for this titration have been studied
i)
by fashburn . Since the concentration of the various reacting substances
at the end of the titration is very different from that used by him and since
some of the data employed in the calculations have since then been redetermin-
;
edf it will be necessary to repeat these calculations for the conditions em-
j
ployed in this investigation.
The reaction by means of which the iodine is determined may be written
as followst
H3ASO3 + I3" + HaO = H3As04 + 2H"*+ 3 1* (1)
By making the hydrogen ion concentration sufficiently small this reaction may
be driven as completely as desired towards the right. If it is made too small,
|
however, disturbing influences arise due to the hydroxyl ion which reacts with
the triiodide ion thus,
oh' + I3" = HIO + 2 r (2)
and 6 OH" + Sis" = IO3" + 8 l" + SHgO (3)
The concentration of the hydrogen ion then must be so small that reaction
(1) may be sufficiently complete, yet not so small that an appreciable amount
of iodine will react according to equations (2) and (3).
Conditions were controlled so that at the end point of each titration,
(whether analysis of anode or cathode solution or standardization of the ar-
|
senious acid solution) the concentrations of all substances present were ap-
in each titration.
proximately the same In order to calculate the best hydrogen ion concentra-
tion it is necessary to know the concentration- of these various reacting sub-
stances.
1) J. Am, Ohem. Soc., 30, 31 (1908).
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The voliime of the solution at the end point is about 625 cc; 0.025 moles
of iodine have been titrated and about 0.25 moles of potassium iodide are pre-
sent, Henoe we have the relation
I = 0.25 X 1.6 X 0.70 = 2.8 • 10
Assumine ^ desired aoouraoy of 0.001 per oent. in the titration of the io-
dine, not more than this per cent, of the arsenious aoid used must ramain un-
oxdized. That is, at the end of the titration,
HgAsOs = 0,00001 • 0.025 * 1.6' = 4 • 10~^
The conoentration of I3" necessary to give the proper colored end point
with starch was determined by experiment. It was found that 0.2 co, of a
0,01 N solution of iodine changes 625 cc, of the titrated solution from color-
less to the color of the pink end point. Henoe
Is
'
= 0,000002 • 1.6 = 3.2 • lO"^
During the titration 0.025 mole of arsenious aoid has been oxidized to
arsenic aoid. Hence the ooncentration of HSA8O4 may be calculated in terms
+
of H by combining the relation
(H8A8O4 ) + (H3A8O4) = 0.025 • 1.6 = 4 • 10"®
with the ionization constant for arsenic acid
3(H^) (HgAsOD = 4 8 .(H3A3O4) ^'^ ^°
To calculate the ooncentration which HIO or IO3 may not exceed if an er-
ror not greater than 0.001 per cent, is introduced because of reactions (2)
or (3), we note that the total quantity of iodine titrated is 0,025 mols,
Henoe the upper limit of HIO or IO3 is given by the relation,
HIO =s IO3 = 0.000001 • 0.025 * 1.6 = 4 • 10~®
1) It will be found that in the resulting solution the total equivalent elec-
trolyte ooncentration is about 0.00. The degree of dissociation of the salts
in this mixture will be assiimed to be 0.70 per cent.
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Caloulation of the ITpper Limit of the Hydrogen Ion Concentration.
The upper limit whioh the oonoentration of the hydrogen ion may
have and reaction (1) atill §o to completion (within 0,001 per cent.) ia cal-
culated by substituting the various values given above in the equilibrium
+
oonstsmt of reaction (1) and solving for H •
o
This equilibrium constant has been recently determined at 25 in this
-a
laboratory by Mr. E, K. Strachan and found to be 4.8 * 10 . That is
(H3A8O4) ' (H^)^ ' irf
-Aft. lO'^
(HsAsOsKls")
The upper limit of the hydrogen ion concentration so obtained is 1,1 • 10 ,
Calculation of the Lower Limit of the Hydrogen Ion Concentration.
The concentration which the hydroxyl ion may attain and yet cause
no appreciable error is found by substitution in the equilibrim constants
for reactions (2) and (3). The constant for reaction (2)
OH- + I3- = HIO + 2 l"
may be obtained by means of the following relations;
(HIOKT) (h"*") ^ 3 . 10"^'
( I2
)
(1)
= 1.3 . 10"' (2)
and (H^KOH") = 1.0 • lo"^* (3)
Dividing the product of (1) and (2) by (3) gives
N-3(HIOXD^ ^39 .
(I3-)(0H-)
-
On substituting the values of (HIO), (I") and (I3 ) previous calculated we
obtain 2.4 " 10 as the upper limit of the concentration of the hydroxyl
ion, if an error not greater than 0,001 per cent, is to be introduced because
of reaction (2).
1) Bray and Connolly. J. Am. Chem. Soo., 33, 1486 (1911).

The ©quilit5rluri constant of reaction (3),
60H' + 3 l3~ = IO3" + 8 I" + 3HaO,
1)
has froii other data been calculated to be
(I
o
f ) cr )! ^ 6 . io^«(0H-)«(l3 )>s
_
— 4.
On naking the proper substitutions OH is found to be equal to l.S * 10 ,
w^hich is a smaller value than that obtained for reaction (2),
Since the hydroxj'l ion concentration may not exceed 1.2 • 10 the
hydrogen ion concentration nay not be less theui 8 ' 10 As an upper limit
—4
the value 1,1 • 10 tt&b found.
That is the hydrogen ion concentration of the solution at the end point
may lie anj'vhere between the rather wide limits, 8 • 10 and 1.1 • 10
The value >vhich was chosen as the best value was the geometric mean of these
two, i. e. 9 • 10 or the solution should be practically neutral. This may
be accomplished bv having present in the solution a mixture of NaaHP04
3)
and NaHaPO^ in the ratio of about two mols to cne nol . The presence of such
a mixture will automatically keep the solution neutral, even if rather large
quantities of acid or base are added to the solution. The necessary condi-
tions at the end point were attained by adding to the reacting mixture such
an amount of a stock solution of NaaHP04 that six mols of this salt were
added for every T.10I iodine to be titrated. The reduction of the iodine then
gave two mols of hydrogen ion, which react with two mols of NasH?04 yielding
two mols of WaHsPO*, thus giving at the end of the titration the desired ratio
of two mols to one mol between the di- and monosodium phosphates.
1) J. Am. Chem. Soc, 30, 35 (1908).
2) Loc. cit. p. 38
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Pari floatIon of Chemioals and Preparation of Solutions ,
Tater . The water from which the various ohemicals were recryatal-
lized and which was used in making up all of the solutions was conductivity
water obtained from a special still. The water was kept in "Non-sol" glass
bottles.
Iodine . The iodine employed was Kahlbaume •Besublimed' which was
freed from chlorine, bromine, etc, either by subliming from a concentrated
solution of potassium iodide, or by precipitation from such a solution by
means of potassium permanganate and sulphuric acid. The iodine was thoroughly
dried in a desiccator over sulphuric acid and sublimed in a current of dry
air. That which was employed for standardizing the arsenious acid solution
was then kept over sulphuric acid until it was required for use,
otherwise
Potassium Iodide . The potassium iodide used was, except where indi-
cated, obtained by reorystaliizing J, T. Baker's 'Special* until it was no
longer alkaline to phenolphthalein. The product was pare white and when dry
remained so indefinitely. When protected from strong light, a saturated solu-
tion of the iodide remained colorless for at least twenty-four hours,
Arsenious Acid , The arsenious acid was obtained by r9cr3'8tallizing
Merck's product from conductivity water.
Sodium Hydroxide . The sodium hydroxide employed in preparing the
standard arsenious acid solution was Kahlbavun's "mit Alkohol gereinigt in
Stricken".
Starch Solution , The starch solution used as an indicator in the
titration was prepared by grinding 6-7 grams of corn starch with a little cold
water and adding to a liter of boiling water. After settling in a tall oylin-
clear
der over night, the upper half of the solution was drawn off into test tubes
was
stoppered with cotton wool and sterilized in an autoclave. Starch solutions
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thus prepared keep well for six weeks or two months, and give an end -ooint
i)
color of the proper shade •
Sodium Phosphate Solution
. This solution was prepared hy dissolv-
ing J. T. Baker's C. P. disodi\am phosphate (NaaHP04 *12HaO) in about five
times its weight of water. The solution was kept in a ten liter stook bottle
from whioh the required amount was syphoned off and poured into the flask in
whioh the titration was performed.
The Standard Iodine Solution
. The standard iodine solution used at I
the oathode was prepared by dissolving about 680 grams of iodine and 840 grama
of potassium iodide in 700 grams of water. This solution was kept protected
from the light in a stook bottle into the neok of which was ground a delivery
tube whioh reached to the bottom of the bottle. Air previously bubbled throiigl
a wash bottle containing some of the same solution was used to force the solu-
tion out of the stock bottle. To prevent loss of iodine or water vapor the
end of the delivery tube and that of the tube through whioh pressure was ap-
plied were protected by means of glass oaps. The arrangement is shown in Fig,
(1). The solution was made up at least eight months before it was used for
the experiments recorded below.
The dilute iodine solution, which was used only when the end point was
overstepped with the arsenious acid, was 0,005 normal. It was prepared by
weight from the above solution and was kept in a bottle into whose neok was
ground a glass stopper which carried a CSckel automatic burette.
Standard Arsenious Acid Solutions , The standard arsenious acid solu-
tion was prepared by dissolving 530 grams of arsenic tri oxide in a solution
containing about 650 grams of NaOH (3 moles). Jhen all the trioxide had dis-
1) See ?fashburn, J. Am, Chem. Soo., 30, 42 (1908),
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solved, the solution was filtered through asbeotoe and diluted until it was
approximately 0.9 weight normal.
At first an autoraatio burette was employed to deliver the arsenious acid
solution into flasks to be weighed, With this arrangement most irregular re-
sults regarding the strength of the solution were obtained. It was noticed,
however, that in general the solution tended to become weaker with time, in-
dicating oxidation. The irregularity of the results may be e^lained by the
fact that the burette was in general filled to the top before each titration,
but was usually only a little more than half emptied. The other half of the
solution which had become pretty well saturated with air, then lay for an in-
definite period in the lower part of the burette till the next portion was
drawn off. This portion of the standard solution then oxidized more rapidly
than that in the stock bottle, and thus irregular results were obtained. The
rate of oxidation of the stock solution was estimated to be about 0,02 per
cent, per day,
Then this was noticed, the solution was protected from the light and kept
under hydrogen in a constant temperature room. The hydrogen was generated
from C. P. zinc and sulphuric acid. It was washed by bubbling through sol-
and of
utions of lead nitrate, alkaline potassium permanganate and then through a
wash bottle containing some of the arsenious acid solution. To free the sol-
ution from air the pressure on the solution was three times reduced as far gls
possible with a water pump and then the pressure increajged to that of the at-
mosphere by slowly bubbling hydrogen through the liquid.
Instead of using the automatic burette for delivering approximately the
required amount of solution, a syphon which could be swung directly over the
mouth of a flask upon the balance pan was attached to the stock bottle. The
required amount of solution (within from 0,1 to 0,05 grams) was then run into
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the flaak and its weight oarefully determined. It was found that even under
these conditions the arsenious acid was oxidizini?; the rate was about 0,003
per cent, per day. The rate of oxidation was constant and could be easily
followed by standardizins the solution from tine to time.
As explained below, the partial pressure of oxygen in equilibrium with
such a solution of arsenious acid is surprisingly small, so that if oxidation
is to be entirely prevented extraordinary precautions must be taken.
The iodine titrations were completed by means of a dilute solution of
arsenious acid. This solution was prepared by diluting about 5 grams of the
concentrated solution to exactly 100 times its weight. The burette from which
the dilute solution was delivered was calibrated by the use of this dilute
solution. On account of the possibility of an error due to the oxidation of
the dilute solution a fresh lot was prepared every two or three weeks; the
maximum change in strength due to oxidation was estimated to be 0,5 per cent.
Practically never was it found neaeBsary to use more than 10 cc. of this sol-
ution to complete a titration, and since 1 cc. corresponded to about O.OS per
cent, of the total arsenious acid used in the titration, the error due to the
change in strength of the dilute solution was never greater than 0,001 per
cent.
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The Equilil)rium "between Arsenioua Acid and Oxygen ,
The oxidation of arsenious acid may be represented thus,
2H3A8O3 + Oa = 2H3ASO4 (1)
This reaotion may be oonsidered to be the s^om of tT?o reactions;
2H3ASO3 + 2H2O + 4( + ) = 2H3ASO4 + 4H'*" (2)
and Oa + 4H"^ + 4(-) = 2H2O (3)
The electromotive force of the normal arsenious-arsenic electrode (E3)
and of the normal oxygen electrode (E3) against the normal hjrdrogen electrode
i) 2)
has been calculated to be +0,58 and +1,23 volts respectively, Henoe at
equilibriim, we have for reaction (1)
RT
-
(HsAsO*)!
"VT (H3AB03)8Poa = E3 - Ea = + 0,65.
For this reaotion 7 = 4, hence for room temperature (25® C)
log P02 = 21og ^^^^^O - 44 (4)
(H3ASO3)
By eliminating from the equations
(H XHaA.o« ) ^ .
(H5A804)
+
and (H K HaA8 03 ) « « , , .rTlo
we get ("?A«Oi)
= 15. 10"^ HsAsO/
(HsAeOs) ' HaAs03"*
The substitution of this value for ^^^^^^ in equation (4) gives,
H3A8O3
log Poa =2 log ^aAs04 _ gg (gj
HaAsOs"
Either equation (4) or equation (5) may be used to calculate the pressure of
oxygen in equilibriiun with a solution of arsenious acid part of which has be-
1) Calculated from results obtained by Mr. Straohan in this laboratory.
2) Abegg, Auerbaoh and Luther, Messungen electromotorischer Krafte galvanis-
chen Ketten mit wasserigen Elektrolyten. (1911), p, 199,
3) J, Am. Chem. Soc,,
_30, 35 (1908),
4) Wood, J. Chem. Soc." 93, 411 (1908).
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some oxidized to arsenic aaid.
For the preparation of the standard arsenious aoid solution which was
used in this investigation, more alkali was added than was neoessary to dis-
place the first hydrogen of the arsenious acid. Hence in the solution all but
a negligible fiunount of the arsenious acid is present as the sodium salt. Sim-
ilarly the pentavalent arsenic which has been produced by oxidation will be
present as sodium arsenate. It was estimated that about two per cent, of the
arsenious acid had become oxidized by the time the solution was placed under
hydrogen. Hence assuming that in this mixture the two salts are dissociated
to the same extent,
H8ABO4' 2
HaAsOs" 98
'
By the substitution of this value in equation (5) the pressure of oxygen in
equilibrium with the standard arsenious acid solution used is found to be
10 ®^ atmospheres.
Equation (4) shows that, since arsenic acid is stronger than arsenious
acid, the pressure of oxygen at equilibrixra may be increased, by increasing
the hydrogen ion concentration. It may be shown, however, that even under
the most favorable conditions the pressure of oxygen is very small, A 0,3
normal solution of arsenious acid may be prepared without the use of any al-
1
)
kali
.
In such a solution all but a negligible amount of the arsenious acid
will be present as undissociated acid. If two per cent, of this acid becomes
oxidized the degree of dissociation of the resulting arsenic acid is from its
dissociation constant (4,8 • 10~') calculated to be about 0.6. Hence for
1) Supersaturated solutions as strong as normal may be kept for sometime, but
cannot be depended upon as standard solutions. For the solubility of ar-
senious acid in water, see Wood, J. Chera. Soo,, 93, 411 (1908).
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such a solution
(H3A3O4)
_.
0.4 » 0.006 g . iQ~3
(HsAsOs) 0.3
The substitution of this value in equation (4) show^s the pressure of oxygen
to be about 10 *® atmospheres.
The meohanian of the oxidation is not known, hence it is not possible
to determine quantitatively the effect of a change in the partial pressure of
oxygen upon the rate of oxidation. It is probable that the rate is influenced
by the presence of minute quantities of impurities which act as oateilysts.
As was mentioned above, when placed under hj'^drogen the rate of oxidation of
the standard arsenious acid solution was about 0,003 per cent, per day and
was constant. Hence for the present investigation there was no need to de-
crease still farther the pressure of oxygen.
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Apparatus and Method of Procedure
.
^he Iodine Coulometer , The iodine ooulometer used is shown In fig-
ure (2). It consists essentially of two upright limbs connected by a V tube.
At the bottom of each limb is placed an electrode. The caps (I) are ground
into the upper parts of the limbs. Two short tubes are sealed into the top
of each cap; through one runs a glass tube (K) which carries the electrode
connection, and through the other a capillary tube (J) which passes through
a hole in the electrode to the lowest point of the limb. A short sleeve of
rubber tubing (H) is fitted over these tubes, thus making an air tight joint
with the cap, and yet permitting the capillary tube, or this and the cap to-
gether to be withdrawn without disturbing the electrode. The side tubes (N)
with which a levelling bulb may be connected serve for filling the apparatus
and for adjusting the level of the solution in the capillary tubes.
The coulometer was supported in a battery jar which was filled with water
to the level of the V tube (L) of the coulometer. No attempt was made to
keep the temperature of the bath constant, but the arrangement eliminated con-
vection currents and stirring due to sudden temperature changes. A white
plate was placed behind the coulometer in order to assist in detecting any dif-
fusion of the iodine solutions.
Tlje Electrodes
.
Since iodine rather readily attacks platinum, an
alloy of platinum and iridium containing about 30 per cent, of the latter was
employed for the electrodes. It was found that an electrode of even this com-
position was attacked when first used, but that after using it as an anode in
a strong iodine solution for two or three days, it became passive and no fur-
ther solution of the metals could be detected. The electrodes however become
active again on heating to redness and possibly on standing in nitric acid or
cleaning solution. The electrodes were about 6 cm. in diameter and were cut
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(see figure) bo that they would fold up when being introduced into the limb
of the coulometer, and then when in position spread out filling the bulb (M)
|
j
at the bottom of the limb. To assist in removing the electrode when necessarj}!'
I
a small hole was made in each of the leaflets into which a wire could be hook-
|
ed, A hole of 0.7 cm. diameter was out in the center of the electrode,
i
i
through which the tip of the capillary tube passed,
j
!
The electrical connections were made by means of a wire welded on to one
j
of the leaflets of the electrode and sealed into a glass tube which passed out I
through the cap at the top. In the case of one of the electrodes the connect-
|
ing wire was woven through some holes in one of the leaflets instead of being
welded onto it. This gave greater flexibility and ease of manipulation in
introducing the electrode as well as eliminating the danger of breaking the
connection, for it was found, difficult to make a satisfactorjr weld between
the wire and the electrode both of which consisted of this somewhat brittle
alloy. A little paraffin was melted and run down the tube carrying the elec-
trical connections, this served to hold the mercury, which formed part of the
circuit, in place ^7hen the apparatus was shaken or inverted in order to rinse
it oxit.
Filling the Coulometer
. The coulometer is filled by means of the
side tube (N) to a little above the level of the V tube (L), with a ten per
cent, solution of potassium iodide. Cars io taken that no air is entrapped
around the electrodes and that no bubbles adhere to their surfaces. The lev-
elling bulb which is attached to the side tube (N) is then raised until the
solution rises to the top of the capillary tube (J), which opens rather abrupt-
ly into the bulb (G), At the anode side about 25 cc. of a concentrated solu-
tion of potassium iodide, (one gram salt to one gram water) previously freed
from air by boiling, is run into the bulb (5) and allowed to cover the elec-
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trodes to a depth of about 5 on. During a run the opening E is protented by
jnesms of an inverted test tube.
In a sinilar manner 6 to 8 cc. of the concentrated potassium iodide sol-
ution are introduced belo'.7 the solution in the cathode lirab. In the case of
the experiraents where the amount of iodine formed from iodide ions at the
anode is being compared (see p. 6) with that used up at the cathode in pro-
ducing these ions, the potassium iodide solution is immediately followed by
about 45 grams (20 oc.) of the standard solution of iodine in potassium iodide
This is Tjca in from the weight burette, and care is taken that no air is
.drawn dOTim the capillary. The ground glass joint (B) between the burette and
its cap, just fits into the bulb on the capillary at F, the tip of the pipette
extends well below this point. As soon as the burette is empty it is with-
drawn and the tip protected by means of the glass cap. Loss of iodine from
the bulb G is prevented by immediately placing the delivery tube C in posi-
tion. The ground joint between D and E is lubricated with a little phosphor-
ic acid. In rinsing out the bulb after a run this phosphoric acid is washed
into the bulb (5) and then sucked over into the flask in which the titration
is performed. The presence of this acid does not affect the titration; in
fact it was found that 5 oc. of the acid employed did not affect the result
by 0.001 per cent.
The weight burette was filled by suspending it in such a way that the
tip of the delivery tube (see A, Fig. 1) of the stock bottle containing the
iodine solution was well in the neck of the burette. The solution is then
forced over by air pressure. The stop-cock (A) of the burette was lubricated
with a drop or two of vaseline. This vaseline had been shaken up with a
strong solution of iodine in potassiiim iodide, let stand during the svumner,
washed with a dilute sodivira thiosulphite solution until it was free from io-
dine and finally distilled under reduced pressure,

-34-
In the experinenta where the amounts of iodine formed at the cmodes of
two ooulometers in aeries T/ore being compared, or where the iodine coulometer
wae being compared with the silver coulometer, a solution prepared from com-
mercial iodine and potassium iodide was used at the cathode instead of the
standard iodine solution. In these experiments the cathode solution was not
analysed after the run.
The rate of flow of the solution down the capillary tube was regulated
by means of the leveling bulb attached to the side tube N. It was thus found
possible to surround the electrodes with the more dense solutions, without
causing ai)preoiable mixing of these solutions with the more dilute solution
on top.
Removal and Analysis of the Electrode Portions
. The current is passed
through two iodine ooulometers, through a silver coulometer and through a
railliammeter in series. This silver coulometer was not handled with any par-
ticular care; it was employed in order to calculate the approximate amounts
of the arsenious acid solutions to be used in titrating the electrode por-
tions. In the experiments in which the iodine and silver coulometer were
being carefully compared, two other silver ooulometers were included in the
circuit. These are fully described below.
The time required for a run varied from about 15 hours to 65 hours.
During this time little mixing of the iodine solution at either electrode
with the dilute solution above it occurred. At the anode side no iodine could
be detected higher than one-fourth of the distance up the limb. At the ca-
thode side the iodine was rarely visible one-half way up and usually not more
than one-third of the way up the limb. The few cubic centimeters of concen-
trated potassium iodide solution which were run in through the capillary at
the cathode were found to diminish materially the migration in this limb. The
effect of the added potassium iodide is due to the fact that at the boundary

-35-
"betwaen the iodine solution and the dilute solution on top, this extra potas-
sium iodide increases the ratio of iodide ions to triiodide ions, and hence
the electricity carried, and therefore the distance travelled ty the latter
under the influence of the current is lessened.
V.'hen about 0,05 faraday of electricity have passed, the circuit is broken,
The approximate amount of electritity which has passed through the system is
calculated from the weight of silver deposited in the silver couloraeter, and
thus are found the approximate amounts of standard sirsenious acid solution
necessary to titrate the cathode and anode portions, respectively. A little
less (about 0.06 grams) than this amount is then syphoned over into one liter
flasks, while they rest on the balance pan. These are immediately stoppered
and weighed to one or two tenths of a milligram. The necessary amount of the
solution of disodixim phosphate is then added and the flasks fitted to the de-
livery tubes (C) at the anode emd at the cathode respectively, in such a way
that the tip of the delivery tube is well below the level of the liquid in
the flask. On applying a gentle suction to the flask the electrode portion
is sucked over through the oapilleo'y tube and the delivery tube. The dilute
solution of potassium iodide in the limb completely washes the iodine from
around the electrode and the latter half of the solution sucked over into the
flask shows no color.
The solution in the flask is thoroughly mixed and the titration complet-
ed with the dilute arsenious acid solution. Under the conditions employed
it was found that equilibrium conditions between iodine and the arsenious acid
were attained almost immediately. The reaction between the starch and the
triiodide ion is however much slower. Hence in the titrations the dilute ar-
senious acid solution was added till the solution was no longer colorless; in
a good light and with a flask of water as a standard, the dissappearance of
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the triiodide ion could be judged to about 0.10 oc. of the dilute arsenlous
acid solution, i, e., to about 0,002 per cent. As a check, however, 5 oc. of
the starch solution was then added, and the dilute iodine solution (0.005
normal) added till on standing for a few moments, the proper pink colored
end point remained. This end point was a little more sensitive than the
other. About 0,4 oc. of the 0.005 normal iodine solution were required to
change from one end point to the other,
Teraperatvire has but a slight effect on the end point. After finishing
o
one of the titrations the solution was warmed to 35 C and the pink colored
end point reached. On cooling to 15 C, only 0.15 cc. of the 0.01 normal ar-
senious acid solution was required to ^ive the same colored end point, Tliia
represents a change of 0,003 per cent, for the 20 , hence no attempt was made
to regulate the temperature of the solutions during titration.
Standardization of the Iodine Solution . The manipulation employed
in determining the ratio of arsenious acid solution to the standard iodine
solution is similar to that employed at the cathode in preparation for a run.
The couloraeter is first filled with a ten per cent, potaasiiua iodide solution.
About 20 CO. of a concentrated solution of potassium iodide are then intro-
duced through the capillary tube, as described above (p. 33) and this is fol-
lowed by 20 - 25 grams of the standard iodine solution from the weight burette
Loss of iodine from the bulb(G)is prevented by immediately placing the deliv-
ery tube (0) in position. The iodine solution is cdlowed to stand over night
in the coulometer in contact with the electrode. It is then sucked over as
previously described into a solution of arsenious acid and disodium phosphate,
and the titration cor^ileted with the dilute arsenious acid solution. By thus
employing the same manipulation in the standardization as in a run, any con-
stant error should be eliminated; the results sho'.? that this is the case.
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Standardization of the Araenioue Aoid Solution . Two slightl}' dif-
ferent methods were enployed in standardizing the arsenious acid solution
i)
against iodine. In the first of these methods about five grams of dry iodine
were placed in a previously weighed weighing bottle with a well fitting cap.
After weighing again, the bottle was introduced into a flask containing approx-
imately the required amount of the standard arsenious acid solution and was
opened below the surface of the solution. In order to duplicate the condi-
tions employed in analysing the electrode portions, and also to hasten the
solution of the iodine about 20 grams of potassium iodide were then added.
When the iodine had completely dissolved, the required amount of disodium
phosphate solution was poured into the flask and the titration completed with
the dilute arsenious acid solution.
The employment of the above procedure gave somewhat irregular results,
the average deviation from the mean being about 0,015 per cent. It was notic-
ed in these experiments that occasionall3'' particles of solid iodine floated
on top of the solution. Thinking that this might cause a loss of iodine, the
above method was then somewhat modified. Seven or eight grams of potassium
iodide were placed in the weighing bottle and not quite enough water to dis-
solve this salt was then added. The stoppered bottle was left in the balance
case for two or three hours and then weighed. Five or six grams of iodine
8)
were then quickly added and the bottle again weighed . It was next introduc-
ed into the flask containing arsenious acid and opened under the solution.
The results obtained by this method were a little more consistent but on ac-
count of the uncertainty due to the loss of water from the weighihg bottle,
1) For the purification of this iodine see p. 34,
2) The weight of water lost by evaporation from this concentrated solution
during the introduction of the iodine was very small; blank experiments
showed that it was not over 0.3 mg, and a correction for this loss was ap-
plied.

-38-
the use of both methods was continued and the averajje value employed.
The Silver Coulometers .
The quantity of eleotrioity which passed through the system was ac-
curately determined by means of two silver coulometers. There were practical-
i
ly the same type as those employed by Smith, Mather and Lowry, and the vari-
ous conditions and methods of procedure employed by them were duplicated as
|
closely as possible.
The anodes were of pure mint silver. They were surrounded by filter
paper cups, suspended by means of insultated platinum wire,
A 15 per cent, solution of silver nitrate was employed in the coulometersi
At the end of every second run the solution was rejected and a fresh lot em-
ployed for the next experiment. The silver nitrate was purified as follows;
Kahlbaura's salt was dissolved in conductivity water, a large quantity of con-
j
oentrated nitric acid added and the solution cooled in a freezing mixture,
with constant stirring. The silver nitrate thus obtrdned was thrown on to a
Bueohner funnel and the excess of mother liquor removed by suction. In this
process no filter paper was employed, the first crystals formed a layer on
the funnel through which the mother liquor drained. The recrystallization was
repeated several times and the final product fused in a porcelain dish until
the last traces of nitric acid were driven off. The fused meuas was then
poured into a platinum crucible floating in a beaker of water. The product
obtained by this procedure was perfectly white.
Each of the bowl shaped platinum vessels, which served as cathodes,
weighed about 50 grans and was 10 cms. in diameter at the top. Bowl A was
4,5 cms. in depth and held when full 275 co.; bowl B was 5.6 cms. in depth
and held 350 oc. The volumes of silver nitrate solution which were used in
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the ooulometers during a run were about 150 00, and 200 so. reapeotively.
Before using, the Ijowls were thoroughly washed with nitrio aoid and wa-
ter and dried in an eleotrio oven at 160 0, A third bowl whioh was of prao-
tioally the same dimensions and weight and whioh was used for a oounterpoise,
was similarly treated. On the completion of a run the electrolyte was removed
from the bowls by means of a pipette. They were rinsed five or six times
with water and finally filled with water and allowed to stand over night.
Three or four more rinsings with water followed after which they were heated
o
in an electric oven at 160 C for one hour. After cooling in a desiccator
for several hours they were placed on the balance pan and allowed to come to
constant weight. The silver deposit was removed from the bowls by meems of
nitric acid. The bowls were then thoroughly washed and heated in the oven in
preparation for the next experiment.
Weights and Balances
. The gold plated brass weights which were
used in this investigation were calibrated and standardized by the National
Bureau of Standards.
The araenious acid solution was weighed into liter flasks on a Rueprecht
balance, sensitive to 0,1 milligram with this load. All the other weighings
were made on a Becker balance sensitive to 0,05 milligrams. A counterpoise
was employed in weighing the flasks containing the arsenious acid solution,
the burette containing the iodine solution and the platinum bowls which served
as silver ooulometers.
Except where specified none of the weights are reduced to vacuo. There
is no need to reduce the weights of any of the solutions to vacuo since this
correction cancels out in the results. The weights of iodine and silver were
corrected by subtracting 0,0099 and 0,0031 per cent, respectively from the ap-
parent weighls of these elements.

-40-
Reproduoibility of the Anode Reaction.
Table V shows the agreement obtained between two iodine ooulometers
in series. All of the data obtained with reference to this point are includ- \
i
ed in the ta":le. On account of an acoident, one of the anode portions in
|
runs 6, 10 and 11, was not titrated. In the calculation of the average de-
j
viation from the mean, the results of runs 5, 7 and 8 were not employed. The
i
former was rejected because the deviation was more than four times as great
as the average of the others; the results? of runs 7 ajid 8 were not used for
the reason explained below. The average deviation from the mean as calculat-
ed from the results given in this table is just equal to the uncertainty in
judging the end point, (see p. 36),
Permissible Current Density. The object of nans 7 arjd 8 was to
make certain that the current densities enplo3''ed rere not too large. In these
runs, in one couloraeter was employed an anode of the usual size (28 sq. cm.)
while the surface of the second was but 4 sq, cm. In these two experiments
the larger electrode gave the greater amount of iodine. The deviations eu*e
but slightly greater than the average of the other experiments, and the result
obtained from but two runs cemnot be regarded as conclusive. It will be seen
however that a current density of 0.01 amperes per sq. cm. is allowable; in
all the runs except these two the current densit3' was between 0,0007 and 0,003
amperes per sq. cm. and hence well below this possibly limiting value.

TABLE V
Heproducitiility of the Anode Heaotion.
No, Date Current in Grams of Arsenious Acid Solution. Deviation fron
Millianperee Anode No. 1. Anode No. 2. Mean the Jlean. Per cent.
1 Mar. 4 37 58,65P4 58,6598 58,6591 0.0012
2 6 40 52.6863 52.6841 52.6852 0,0021
9 9 20 57.2651 57.2622 57.2641 0.0025
4 11 40 55.137S 65.1404 55.1391 0.0023
5 16 40 60.7757 60.7682 60.7740 (0.0095)
7 SI 43 65.5012 65,4968 65.4990 (0.0032)
8 33 68 63.3568 63.3517 63.3542 (0.0040)
9 Apr. 7 45 65.2055 65.2100 65.2077 0.0035
12 20 70 62.2437 62,2415 62.2426 0.0018
13 27 80 59.8340 59.8345 59.8342 0.0004
Average deviation from the Mean 0.0020
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Standardlsation of the Iodine Solution
.
The resiilts whioh were obtained from time to tirae in the oomparison
of the concentrated iodine solution with the standard arsenious acid solution
are given in Table VI, In the first column is given the number of the oonpar-
ison, in the second the date on which the arsenious acid solution was drawn
from the stock bottle for imnediate use. The third and fourth colunns give
the weights of the iodine and arsenous acid solutions respectively which were
used. The number of grams of arsenious acid solution required to titrate one
grajB of the iodine solution is given in the fifth column. In the sixth col-
umn is given this value as calculated for the day in question (see below).
The seventh column contains the percentage difference between this ratio as
found and as calculated.
The rate of oxidation (^*) of the arsenious acid solution is given by
the equation
dt ^
where C^g is the concentration of the arsenious acid in the solution, Co is
the concentration of the dissolved oxygen and m and n are constants depend.ing
upon the mechanism of the reaction. Since the rate of oxidation was found to
be extremely slow the concentration of the arsenious acid may be considered
to be constant. In order to detect any change in the rate of oxidation due
to a change in the partial pressure of the oxygen or to any other cause, the
ratio of the arsenious acid solution to that of the iodine solution was deter-
mined over a period of 47 days. The rate of oxidation was found to be con-
stant
.
The ratio of the two solutions as determined at various times was plotted
as ordinates and the time (day of month) as abscissae (see Fig. 3). The best
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etrai^ht line was then drawn through the points and its slope, i. e. the rate
of oxidation determined. The solution was found to be oxidizing at the rate
of 0,005373 per cent, per day. The calculated value of the ratio of the two
solutions at any given tine (see coluran six, Table VI) was read off from the
curve; it was estimated to be known to 0,001 per cent. !
In calculating the average deviation from the mean the results of stand-
ardizations 3 and 4 were rejected. The former because it was subsequently
|
found that the potassium iodide used in making up the soliitions for the coulo- i
meter, already contained som.e iodine. The result of stsjidardization 4 was
rejected because the deviation from the mean was more than four times as large
as the average of the deviations of the results of the experiments.

TABLE VI
Ratio of the Arsenious Aoid and Iodine Solutions
No. Date Weight of Iodine
Solut i on, Qr&m .
height of Arsenious
Aoid Solution, Oyajns.
Hatio Difference
Found Calculated per cent.
1 Mar. 6 20.?J883 51.1787 2.51020 2.51017 0.0012
2 9 23 . 0459 57.8530 2.51038 3.51038 0.0000
3 11 19,1883 48.1824 2.51105 2,51055 (0.02)
4 IS 21.9252 55.0480 2,51080 2,51105 (0.01)
5 86 26.0033 65,3085 2.51160 2,51154 0.0024
6 26 23.0414 57.8686 2.51150 2.51154 0.0016
7 S8 27,0322 67.8960 2.51167 2.51167 0.0000
8 Apr.. 22 24.6357 61.9202 2.51342 2.51339 0.0012
Average deviation O.OOIOC
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Comparison of the Haactions at Anode and Cathode .
For the purpose of csonparing the ajnount of iodine formed at the
anode with the amount which disappears at the cathode, a series of rons were
made in which the current was passed through two iodine coulometers connected
in series. The anode portions from toth coulometers were then titrated as
was also the cathode portion from one of them, that from the other being re-
i)
jeoted .
In Table VII are given the results of those comparisons. In the first
column is given the number of the run, in the second column the day on which
the arsenious acid solution was withdrawn from the stock bottle, and in the
third column the current in railliamperes. The next column gives the weight
of the concentrated standard iodine solution which was run down the capillar^/
tube into the cathode limb. The fifth colimn gives the mean weight of arsen-
ious acid solution used to titrate the anode solutions (see Table V). The
weight of arsenious acid solution required for the cathode portion is given
in column six. The next column gives the total amount of eirsenious acid sol-
ution used in titrating cathode and anode portions. The eighth column gives
the quantity of this solution which should be required for the titration as
calculated from the weight of iodine solution used and the ratio of the two
standard solutions as read off from the curve (Fig. 3).
The results show that, within the limit of error of the analysis, the
same amount of iodine is formed from iodide ions at the anode as is formed
into iodide ions at the CM.t.hc>de. And that hence either reaction in the iodine
coulometer is a perfectly clean cut one and hence suitable for the deterraina-
1) This was necessary because only three suitable electrodes were available
at the time these comparison riins were made.
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tion of the true value of the faraday. Since the reaction at the anode is
much more easily studied and since the manipulation is much simpler, the anode
portions only were analysed in the experiments to be described below in which
a preliminary comparison of the iodine and silver oouloraeters is made.
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Comparison of the Iodine and Silver Coulometers and the -'^termination
of the Faraday
.
In this series of experiments a current of electricity was passed
through two iodine coul©meters and two silver oouloineters connected in series.
The silver coulometers and the method of treating them has been described in
detail on page 38,
During the progress of this series of experiments, the araenious acid
solution was frequently standardized against iodine. The procedure employed
has been already described, (p. 37), Table VIII gives the results of these
standardizations. The figures in the fifth column under grams arsenious acid
solution per gram iodine, calculated to April 14th, were obtained from those
of the previous column by correcting for the rate of oxidation of the arseni-
ous acid; 0,00273 per cent, per day (see above p. 43), All of these values
were calculated to the same day in order to compare them with one another and
to use the final value in connection with the results obtained by the aid of
the silver coulometer.
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!
i TABIE VIII
I
I
j
Standardization of Araenious Acid Solution.
!
Date Iodine oor. Yt. of Araenious Aoid Grams Arsenious Acid Deviation
to vacuo. Grains. Solution, Grains. Soln. per gram Iodine from Mean
Found C ale. to Apr. 14 Per cent.
Apr. 9 4.37000 42.6330 9.0134 9.0146 0,012
9 6,08670 54.8667 9,0142 9.0154 0.003
10 5.03120 45.3625 9.0162 9,0172 0.018
10 4.19525 37,8096 9.0122 9,0132 0,027
16 8.17160 73,6790 9,0165 9.0160 0.004
24 5.28225 47,6270 9,0164 9.0140 0,018
26 6.8831f5 62.0797 9.0189 9.0160 0.004
26 4.66625 42.0788 • 9,017? 9.0148 0.009
29 7.05620 63.6616 9.0206 9.0169 0.014
29 6,13420 55.3434 9,0221 9.0184 0.030
Mean 9.01565
Average deviation from Mean 0.014
1

-so-
Table IX gives the results of the rieterminations of the electrochemical
equivalent of iodine and of the faraday. The amount of electricity which
passed through the system was measured by means of the silver coulometer and
its value in coulombs was calculated by dividing the corrected weight of sil-
ver (column six) by 0.00111827, which Smith, Mather and Lowry found to be the
increase in weight of the cathode bowls per coulomb, tinder similar conditions.
In order to calculate the amount of iodine formed, the amount of arsenious
acid solution which was required for the titration was calculated to April
14th, by correcting for the rate of oxidation. The result is given in column
nine. The number of grams of iodine formed were then calculated by dividing
these values by 9.01565, the number of grams of arsenious acid solution oor-
resr»onding to one gram of iodine (see Table VIII). The electrochemical equi-
milli-
valent as given in the tenth column was found by dividing the number of grams
of iodine formed by the number of coulombs of electricity which had passed.
The corresponding values for the faraday were obtained by dividirg the results
1
)
in column ten into the atomic weight of iodine, 126.013 .
The chief sources of uncertainty in the value of the faraday are due to
the error in measuring the current and to the iincertainty as to the exact
strength of the arsenious acid solution. The necessity of very close dupli-
cation of conditions and procedure in using the silver coulometer was mention-
ed above. It is believed however that the current was known to 0,025 per cent
The value given for the current is likely to be too great rather than too
small, because practically all disturbing influences cause an error in this
direction.
The other source of uncertainty arises from the irregular results obtain-
ed in stanoardizing the arsenious acid solution against iodine. The final
1) Baxter, J, Am. Chem. Soc, 32, 1602 (1910).
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TABLE IX
1
1
Elecitroohemioal Equivalent of Iodine and the Value of the Faraday, i
s== •
No. Date Current In f5ilver Deposited in Coulometer Coulombs '
Milllanmeree Bowl A Bowl B Mean in Cor. to Vaouo
^rsenious Acid Solution Iodine Electrochemical Equivalent of Faraday
ITeed Calo. to Apr. 14 Grams Iodine, Milligrams per Coulomb. Coulombs.
1
9 Apr. 7 45 6.15230 6.15285 6.15239 5501.72
10 10 50 6.60800 6.50779 5819.52
11 14 40 5.S4555 5.04500 5.94510 5316.35
13 27 80 5.64250 5.64232 5045.58
65,2077 65.2201 7,2341 1.31488 96,520
68,9599 68.9674 7,6487 1.31433 96,560
63.0049 63,0049 6,9884 1.31414 96,575
R9.8342 59.8119 6,6342 1.31480 96,525
Mean 96,545
Average Deviation 0.024 o/o
— i (-
•
-
1
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Sujrcary and Oonolueion.
1. The various values which have "been caloulated for the faraday "by means
of different oouloneters are discuseed. It Is pointed out that the weight of
the silver deposited in the silver ooulometer is particularly sensitive to
changes in conditions, and that it is not possible to study the effect of
the electrochemical reaction alone,
2. It is doubtfiil if the elect roohenioal reaction in the silver coulo-
meter is reversible . In order to determine the trae value of the faraday a
reaction which is reversible must be eiriployed.
3. An element which is not deposited but is liberated in the solution
offers particular advantages for this purpose, since errors due to inclusion,
adsorption, etc. are not present.
4. The reaction involved in the iodine couloneter appears to constitute
an ideal electrochemical reaction to be used in the determination of the far-
aday,
5. It is found that the amount of iodine formed at the anode of the io-
dine couloraeter can be determined to within 0,002 per cent., and that the
amount of iodine formed in two couloiaaters in series agrees within this limit
of error.
6. The reversibility of the iodine-iodide electrode has been tested, and
a ooulometer devised ^hich will carry a current of at least 0.08 amperes for
18 hours. It is found that the amount of iodine in the couloraeter after the
pa8sai?e of the current is within 0,004 per cent, of the am.ount originally in-
troduced at the cathode.
7. By a comparison of the silver and iodine coulometers the preliminary'
value, 96,545 + 30 coulombs has been found for the faraday.
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value should not be in error "by more than 0.01 per oent. however. If anythinf
the strength of the solution is over-estimated, because iodine was possibly
lost during the standardization (see p. 37), These two errors have opposite
effects upon the value of the faraday as given in Table X and tend to counter-
act one another. The uncertainty in the value, 96,546 coulombs, is estimated
to be about 0,03 per cent.
This value for the faraday is, of course, not in agreement with the value
as calculated by maans of the silver couloraeter, "but is in good agreement with
the value obtained by the use of other ooul©meters; in fact it lies between
that calculated from the Investigation of Richards and Heimrod on the copper
coul©meter (90,535) and that calculated from the result of Sallo's investiga-
(96.560).
tion of the iodine coulometer. It is interesting to note that all other ele-
ments give a greater value than does silver. There can scarcely remain much
doubt but that the value of the faraday at present accepted (96,473) is at
least 0,05 per cent, too small.
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